Abstract-A high-accuracy system for calibration of Rogowski coils at frequencies up to 10 kHz, based on a reference current transformer, an I/V converter, and a digital sampling system, is described in the paper. The calibration system has been automated and its performance evaluated. At the frequency of 10 kHz, the calibration system is capable of generating currents up to 100 A. At power frequencies, it is capable of generating currents up to 2,000 A. The best uncertainties (k=2) of the calibration system are estimated to be less than 500 μA/A for magnitude and 500 μrad for phase at 10 kHz, and an order of magnitude better at power frequencies.
INTRODUCTION
Rogowski coils have been in use for over one hundred years [1] for magnetic potential measurements and for various current sensing applications: protective relaying, measurements of high currents, impulse currents, and transient currents [2] in electrical power industry, resistance welding in automotive industry [3] , plasma physics [4] and elsewhere. Their development over time has included innovative designs, new materials, machining techniques [5] and two-or threedimensional printed circuit board structures [6] - [7] . The introduction of electronic devices, error reducing techniques, digitization of output signals and communication capabilities have contributed to the development of Rogowski coil-based measurement systems [8] - [9] .
Rogowski coil applications often have demanding performance requirements such as long-term stability, immunity to external electromagnetic fields, change of physical position with respect to the primary current conductor, change of temperature, and low susceptibility to noise in the presence of small signal levels. An increased interest in Rogowski coils in the last several years has resulted in requests for calibrations of coils of more advanced designs and performances. There are relatively few papers which address their calibration issues. In general, calibration systems should have uncertainties at least four, and preferably ten times smaller than those of devices under test, which makes the calibrations of Rogowski coils challenging.
A high-accuracy traceable calibration of Rogowski coils at power frequencies using digital sampling is described in [10] . The digital sampling system is based on implementation of two identical non-synchronous multi-rate digital filters. Using nonsynchronous sampling has an advantage of eliminating the need for synchronization with the input signal, e.g. by means of a phase-locked loop. It allows operation in a power-frequency range, and is not affected by spectrum leakage as the processing based on fast Fourier transform (FFT) / discrete Fourier transform (DFT) is. An important characteristic of the algorithm is its capability to discern small phase differences, of the order of a few microradians, even at signals derived from the power line having fluctuating frequency [11] , which is difficult to achieve with FFT/DFT. Some Rogowski coils are designed for operation at frequencies of the order of 100 MHz or even higher. Coils with low-impedance burdens operate in self-integrating mode with the current output, and behave as air-cored current transformers. Their calibration at high frequencies and with low uncertainties is very challenging. A number of difficulties arise even in the lower audio frequency range of several kilohertz. A calibration of Rogowski coils in the audio frequency range, at small currents, is described in [12] . This paper describes a system for calibration of Rogowski coils at higher currents and frequencies up to 10 kHz. It is based on a reference current transformer, an AC shunt, and a digital sampling system.
II. ROGOWSKI COIL CALIBRATION
An ideal Rogowski coil is characterized by its mutual inductance M:
where M represents the coil mutual inductance, and i represents the primary current. For the reconstruction of the current signal, the coil output voltage is integrated by analog [13] or digital means [14] .
Under sinusoidal conditions, the coil mutual inductance can be determined as M = (1/ω)V/I = Z T /ω , where Z T = V/I is the coil transimpedance often used as a coil parameter at a given frequency, and the phase angle between the coil primary current and secondary voltage is ±π/2, depending on how the marked terminals of the primary and secondary are defined. Under sinusoidal conditions, the primary current can be derived from the voltage measured at the coil output:
where V is the rms value (fundamental) of the actual voltage at the coil output, f 0 is the rated frequency, f the actual frequency, I is the rms value (fundamental) of the actual primary current, K V is the coil's rated transformation ratio (1/Z T ) at the frequency f 0 and at the rated primary current. If the coil output voltage is integrated, the term f 0 /f in (6) disappears, V is the rms value (fundamental) of the actual voltage after integration, and K V includes not only the coil but also the means used for performing integration.
Calibrations of Rogowski coils under nearly sinusoidal conditions assume measurements, at a given frequency, of the ratio and phase difference between the coil output voltage and the primary current, so that the ratio and phase errors, ε and φ, can be determined:
where φ V is the phase angle (in rad) of the voltage V, and φ I the phase angle of the current I.
Nearly ideal sinusoidal conditions are difficult to achieve, especially when generating larger currents. In addition, with the coil output voltage being proportional to the time-derivative of the primary current, each harmonic in the primary current spectrum appears in the coil output voltage spectrum multiplied by its angular frequency:
where N h represents the number of harmonics.
For Rogowski coils it is important to determine their sensitivity to the position of the primary current conductor inside the coil opening, to the positions of return conductors, to external electromagnetic fields, and to temperature changes. These tests are essential for determining the repeatability of the coil calibration results. Ideally, it should be known how and under what conditions the coil is going to be used so as to set the calibration accordingly, and to ensure that the calibration results are meaningful and useful to the end user.
III. DIGITAL SAMPLING SYSTEM
Digital sampling systems can implement various sampling techniques. Uniform acquisition of samples at equidistant time intervals generated either internally in the samplers, or externally, is common. In this application, a signal from an external source with accurate and stable time base is used as the sampling signal for simultaneous sampling of the primary current and the coil output voltage. Numeric integration of the output voltage samples leads to reconstruction of the current. Then, a calibration similar to those for current transformers can be performed.
A possible approach to calibration under nearly sinusoidal conditions is to filter out the frequency components of interest from the measured, or sampled, signals representing replicas of the primary current and the coil output voltage. To extend the capabilities of the digital sampling to audio frequencies of up to 10 kHz, a use of band-pass digital filters was explored.
A. Digital Sampling System Structure
The block diagram of the digital sampling system (DSS) is shown in Fig.1 . INC represents input signal conditioner, ADC represents A/D converter of digital samplers, h[n] represents band-pass digital filter, OSC is a source of equidistant sampling time intervals, and PROC is a processing unit providing ratio and phase errors, ε and φ, in accordance with (3). The ratio and phase errors ε and φ are calculated as:
where v k and i k represent the filtered coil output voltage and primary current samples, respectively, including their proper scaling factors (originating from CT transformation ratio, shunt resistance, A/D converter ranges, possible amplifier gains, resistive or inductive divider ratios, and other contributing factors present in the measurement chain), and n represents the number of samples in the measurement interval entailing as closely as possible an integer number of primary current periods. The rate of change of the cosine function is the highest in the vicinity of ±π/2 and so is the sensitivity of determining the phase error according to (6) . At small primary currents the uncertainties of ratio and phase errors determined by (5) and (6) increase.
B. Digital Samplers
Although there are currently many commercially available sampling A/D converters with sampling rates in the order of 100 MS/s, or higher, for the calibration applications not only their resolution but also their accuracy has to be high. To ensure low uncertainties and the traceability of calibrations of Rogowski coils at operating frequencies up to 10 kHz, the selection of digital samplers was narrowed down to the commercially available sampling digital voltmeters (DVMs) used in high-accuracy applications in metrology. This approach ensures low uncertainty performance of the digital sampling system but also constraints the maximum sampling rate to 50 kS/s for 18-bit resolution or 100 kS/s for 16-bit resolution, and voltages up to approximately 12 V. The operation at voltages up to 1,000 V is readily available but at increased measurement uncertainties.
C. Digital Filter Design
The requirements for this application are different from those of non-synchronous multi-rate digital filters described in [11] : a) a band-pass filter (BPF) is needed instead of a low-pass filter (LPF), b) BPF corner frequencies are not fixed as those of the LPF but have to follow the primary current frequency, and c) the BPF amplitude ripple in the pass band may be relaxed to 1 dB or more as opposed to the stringent ripple of 6.6·10 -5 dB of the aforementioned LPF. The latter requirement for the ripple in the pass band and for the remaining signal after attenuation in the stop band below ½ LSB of 16-bit A/D conversion, allow the algorithm to be used for high-accuracy power measurements in the operating frequency range, in addition to the phase angle measurements under non-sinusoidal conditions. However, the applicability of the algorithm is bound to power frequencies.
In the present application, the ripple does not affect either the ratio or the phase difference between the coil output voltage and the primary current given by (5) at any operating frequency in the pass band as long as both signals are filtered by the same filter.
Digital pass-band filters can be designed with the pass band as narrow as 1 Hz. This narrow pass band, however, extends the settling time of the filter output and increases the required data record length. The number of samples may be constrained by the available data memory of the sampling digital voltmeter, or in case of real-time processing by the data streaming rate of some other digitizer. Further consequence is a longer measurement/calibration time. A pass band of the order of 10 Hz and an interval between the stop-band corner frequencies of 100-500 Hz appear to be an acceptable trade-off. With these specifications, elliptic and Chebyshev digital filters are designed for different central frequencies. The attenuation in the pass-band filter stop bands was kept below -100 dB.
The pass-band filters are designed for predetermined frequencies of interest, their coefficients generated and saved in advance, and then preloaded during calibration based on the selected operating and sampling frequencies. If needed, the filter coefficients could be generated as the primary current frequency changes, which would represent an adaptive filtering application.
IV. CALIBRATION SYSTEM
Extending the calibration capability for Rogowski coils to higher frequencies is a demanding task both in terms of generating high currents, and in terms of designing and calibrating pieces of the calibration equipment supposed to operate and retain their high performance at higher frequencies, including digital sampling system, and algorithms for determining ratio and phase errors of the Rogowski coils under test.
A simplified block diagram of the Rogowski coil calibration system is shown in Fig.2 . A signal generator SG drives a power amplifier PA, which in turn drives the primary of a current step-up transformer ST. The ST one-turn secondary generates current in the main current loop shown by the thick line. The main current loop passes as a single turn through the opening of a Rogowski coil RC. The coil output may be loaded with a specified burden according to the test requirements, and is sampled by a digital sampler, DS1. A single-turn primary of a reference current transformer CT is part of the main current loop. The CT secondary current provides the input for a current-to-voltage converter I/V. The I/V converter output voltage is the voltage replica of the main loop current and is sampled by another digital sampler, DS2. 
A. Components
Although the block diagram in Fig.2 may look similar to that of the calibration system operating at power frequencies [10] , the differences in the building blocks and the system operation are significant. The current-comparator-based transimpedance amplifier cannot be used as its high-accuracy operation is limited to a few hundred hertz. The high accuracy of the digital sampling system in sampling directly low Rogowski coil output voltages was demonstrated in [10] , thus using an AC shunt of special design [15] as an I/V converter with low output voltage was a viable option. Using the AC current shunt instead of the transimpedance amplifier simplified the present system. It also eliminated need for the current transformer and the inductive voltage divider that were accommodating the transimpedance amplifier input/output range requirements, and at the same time reduced the system uncertainties over a wider frequency range. Moreover, the shunt resistance of 0.1 Ω and the connection cable impedance reduced, by approximately four times, the burden for the reference current transformer, CT, thus reducing the CT measurement uncertainties. The CT is a two-stage current transformer that has small, stable, and known errors under lowburden conditions.
B. Operating Constraints
The power amplifier used in this application operates at frequencies up to 11.5 kHz. Above this frequency, the amplitude of its output voltage starts dropping noticeably. The impact of the inductive load can be observed through the amplifier stability problems which lead to oscillations at frequencies and voltages much lower than those rated for both the amplifier and current step-up transformer.
Two current step-up transformers of different designs were used as a part of the calibration system. The step-up transformer with higher current ratio has a higher number of turns, and also a higher capacitive error. Its secondary current at the rated primary voltage drops faster with increase of frequency than that of the other step-up transformer under the same conditions.
As symbolically indicated on the block diagram, the main current loop physical configuration is arranged to minimize its inductance and thus reduce, for the power amplifier PA, the current step-up transformer's ST reflected burden, which increases by square of the current transformation ratio. Since the burden that the loop inductance represents for the current step-up transformer, and for the power amplifier, increases directly with frequency, this appears as a significant operational constraint. Compensation of reactive power in the primary circuit of the current step-up transformer may ease the operating conditions of the power amplifier, but it does not mitigate the impact of the main current loop inductance on the required amplitude of the current step-up transformer primary voltage. Even if a power amplifier with wider operating frequency bandwidth and higher power rating is used, the voltage constraint of the current step-up transformer primary winding and its stray capacitances, which play a minor role at power frequencies, are limiting factors for producing high current in the main loop at higher frequencies.
V. PERFORMANCE EVALUATION
The performance of digital sampling algorithm and error calculations have been verified by simulations at various input current and sampling frequencies, and various numbers of samples. In most cases the errors of calculated ratios and phase angles were below 50⋅10 -6 with respect to the values set in simulation. At some low ratios of sampling frequency versus input current frequency, e.g. when the number of samples per period was less than five, the errors increased to over 100⋅10 -6 . As expected, more averaging helped in reducing the impact of noise added to both signals that represented current and voltage.
Since the distortion that the power amplifier may be introducing is of an interest, the spectrum of the high current signal generated by means of the power amplifier and the current step-up transformer was analyzed to assess the bandpass filter characteristics requirements. The measured total harmonic distortion was below 0.5 %, and no components of increased amplitude at frequencies up to 10 kHz were observed.
Performance of the calibration system has been evaluated by calibration of its components: current transformer, AC shunt and digital sampling system, at power frequencies and at frequencies up to 10 kHz.
The performance of current transformers and current comparators at audio frequencies was explored in [16] - [18] , respectively. The in-phase and quadrature errors of the reference current transformer are estimated to be less than 20⋅10 -6 and 200⋅10 -6 respectively, at the burden of 0.2 Ω, at the ratios of 1,000:1 and 100:1, and the signal frequency of 10 kHz. Under real-test conditions with the AC shunt of 0.1 Ω and its leads as a burden, both in-phase and quadrature errors were within the same limits. These errors were repeatable and can be accounted for; their type-A standard uncertainties were estimated to be less than 20⋅10 -6 .
The AC shunt operated at currents not larger than 2 A, which is 20 % of its rated current, and its self heating was consequently 25 times smaller. The calibration of the AC shunt [19] has shown uncertainties (k=2) for both in-phase and quadrature components of less than 20·10 -6 in the frequency range up to 10 kHz.
The digital sampling system uncertainty increases with frequency and it is a challenge for evaluation at the input signal frequency of 10 kHz. Resistive and capacitive phase bridges [20] were used for calibrating a variable-frequency highstability two-channel phase standard with resolution of 0.001º and independently adjustable amplitudes, which in turn was used for calibrating the digital sampling system at frequencies up to 10 kHz. The uncertainty of DSS is estimated to be less than 200⋅10 -6 for both the in-phase and the quadrature components.
From the evaluated uncertainties of the main calibration system components, it is clear that the digital sampling system is the dominant factor in the calibration system uncertainty budget. It is so in the whole frequency range up to 10 kHz, with the current transformer and AC shunt combined contribution to the root sum of squares of uncertainties being less than 2⋅10 -6 at the higher end of the frequency range. The overall calibration system uncertainty (k=2) at the signal frequency of 10 kHz is estimated to be within 500⋅10 -6 for both in-phase and quadrature components. To reduce this uncertainty, it is necessary to keep the DSS operating conditions under strict control, evaluate its performance at each frequency of interest, and put an effort into correcting the part of the error which is stable.
It should be noted that the total uncertainty of the calibration depends in part on type-A standard uncertainties of the Rogowski coil under test, which may be much higher than the uncertainties of the calibration system. Depending on the coil design, even performance of a precision coil is affected by the coil's sensitivity to position, external fields, and to some extent temperature. When setting up a calibration at frequencies as high as 10 kHz, one should be aware of the amplitude and phase frequency characteristics of the coil to be calibrated.
VI. CONCLUSIONS
A high-accuracy system for calibration of Rogowski coils at frequencies up to 10 kHz, based on a reference current transformer, an I/V converter, and a digital sampling system, is described. The calibration system is computer controlled and its operation automated. Magnitude and phase errors of the Rogowski coil under test are determined by digital sampling, with an optional numeric integration of the coil output signal. The calibration system performance has been evaluated. At the frequency of 10 kHz, the calibration system is capable of generating currents up to 100 A. At power frequencies, it is capable of generating currents up to 2,000 A. The best uncertainties (k=2) of the calibration system are estimated to be less than 500 μA/A for magnitude and 500 μrad for phase at 10 kHz, and an order of magnitude less at power frequencies.
